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Abstract 
The previous study on modeling of the tilt rotor aircraft used to put a premium on the complicated aerodynamic computation, 
and the research on the motion equations is often constrained to frequently use the oversimplified 6-degree of freedom (DOF) 
rigid body equations. However, the transfiguration of aircraft during transition stage, is complicated due to the aerodynamic in-
terference and the change of center of gravity (CG). Moreover, the gyroscopic moment caused by tilting the high-speed revolv-
ing rotors seriously interferes with the aircraft attitude. The above-cited 6-DOF single rigid body equations do not take the inertia 
coupling effects into account during transition. For this sake, the article, reckoning the body, the nacelles and the rotors to be 
independent entities, establishes a realistic model in the form of multi-body motion equations. First, by applying Newton’s laws 
and angular momentum theorem to a mass of elements of the aircraft, the multi-body motion equations in inertial frame as well 
as in body frame are obtained by integrating over all elements. As the equations are of implicit nonlinear differential type, the 
consistent initial value problem should be solved. Then, a numerical simulation of the differential equations is conducted by 
means of the Runge-Kutta-Felhberg integral algorithm. The modeling and the simulation algorithm are verified against the data 
of XV-15 as an example. The model can be used in the area of flight dynamics, flight control and flight safety of tilt rotor air-
craft. 
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1. Introduction1 
By tilting the nacelle and rotor system, a tilt rotor 
aircraft can be converted from flight in helicopter 
mode to that in aircraft mode. Thus a tilt rotor aircraft 
has the merits of both the aircraft and the helicopter: 
higher cruising speed, capability of vertical takeoff and 
landing (VTOL) and hovering, which opens for it a 
bright future for both military and civilian applica-
tions. 
Complex control systems render the tilt rotor aircraft 
capable of flying up in the sky though, there are still a 
multitude of problems left unresolved. This is wit-
nessed by not a few accidents that occurred in the past 
five decades, in USA—the birthplace of the tilt rotor 
aircraft. For instance, in the process of developing 
V-22, four crashes took place—a truly rare record in 
the aviation history. An investigation of V-22 aircraft 
crashes led by NASA has discovered lots of aero-
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mechanical security problems that threaten the viabi- 
lity of tilt rotor aircraft[1]. Therefore, the research of tilt 
rotor aircraft has long become a matter of general in-
terest in aeronautical science either at home or abroad. 
Flight dynamics modeling has relation to aerody-
namic characteristic model and aircraft motion model. 
As a distinctive feature, the tilt rotor aircraft takes 
control of transition between hovering mode and for-
ward flight mode by means of the nacelle and rotor 
system. The transfiguration of the aircraft in this pro- 
cess causes not only aerodynamic interference but also 
inertia coupling problems. Therefore, both the aero-
dynamic characteristics and the aircraft motion model 
of the tilt rotor aircraft have particular complexities. 
There are many studies on the former at home and 
abroad while inadequate on the latter. For example, 
Refs.[2]-[8] laid focus on the study of the aerodynamic 
interference of tilt rotor aircraft. Refs.[9]-[10], by 
reckoning the blades of rotors to be independent enti-
ties, laid bare aerodynamic characteristics of the rotors 
more exactly. However, these works adopted the air-
craft motion model described by 6-degree of freedom 
(DOF) rigid body equations (or for simplicity, by small 
disturbance linear equations) and neglected the influ-
ences caused by the tilting of nacelles and high-speed 
rotating rotors. However, both nacelles are huge in Open access under CC BY-NC-ND license.
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mass and subjected to high-amplitude variation. The 
generally-used aircraft motion model could not reflect 
the essential characteristics of tilt rotor aircraft without 
considering the influences of them. Therefore, this 
article builds up a more realistic model based on pro-
posed multi-body motion equations by regarding the 
aircraft body, the nacelles and the rotors as independ-
ent entities. This model is characterized by not only 
increasing number of DOF and equations, but also 
imparting the equations implicit in form. With the pro-
posed model as the base, the article puts forward the 
method to conduct the simulation of the implicit 
nonlinear motion equations on the basis of the data of 
XV-15 tilt rotor aircraft together with the results. 
2. Frames and Hypothesis 
2.1. Notation 
(1) Vector 
For a vector, the subscript represents its destination 
and origin and the superscript its projective reference 
frame. 
(2) Coordinate components of a vector 
For a vector A, its components in a coordinate sys-
tem, FE, can be written as 
E E E
E T[ ]x y zA A A=A  
(3) Mass and inertia 
The subscript represents the entities, such as rotors, 
nacelles and the body. 
(4) Coordinate transformation matrix 
For the matrix, its subscript represents the destina-
tion frame and the origin frame. For more about their 
definitions, refer to Ref.[11].  
2.2. Reference frames 
The reference frames for describing the position and 
attitude of the tilt rotor aircraft are defined as follows 
while those for the others are similar to the common 
aircraft[11]. All the reference frames in this article adopt 
the right hand rule. 
(1) Earth frame FE(OE xE yE zE) 
Its base point and axes follow the definitions in the 
Ref.[11]. The earth is treated as a stationary flat in the 
inertial space.  
(2) Body frame FB(OB xB yB zB) 
Its base point OB coincides with the center of grav-
ity (CG) of the airplane body excluding the nacelles 
and the rotors. The direction of arrows follows the 
definitions in Ref.[11]. 
(3) Nacelle frame FN(ON xN yN zN) 
The nacelle frame is connected firmly with the na-
celle, while its base point ON coincides with the CG of 
the nacelle. The axis xN lies along the axis of the na-
celle and points to the front while axis yN to the right. 
The direction of the axis zN can be established. 
(4) Rotor frame FR(OR xR yR zR) 
The rotor frame is connected firmly with the rotor 
with its base point OR in coincidence with the CG of 
the nacelle. The axis yR and the axis zR are in the plane 
of rotation. The axis xR points upward and keeps ver-
tical to the plane of rotation. 
Fig.1 presents the entities in different reference 
frames.  
 
Fig.1  Reference frames. 
For the sake of symmetry, the nacelle frame is only 
shown on the right wing while the rotor frame on the 
left wing. In fact, there are two nacelle frames and two 
rotor frames. 
3. Multi-body Motion Equations 
3.1.  Hypothesis 
① The aircraft body and the blades are treated as 
rigid body entities with their elastic deformation negli-
gible.  
② Each part has a constant mass. 
③ The aerodynamics of the tilt rotor aircraft are 
continuous and measurable. 
3.2. Force equation 
 Newton’s laws are applied to an element δm in the 
frame FE of the aircraft as below: 
E
E dδ δ
d
m
t
= Vf              (1) 
By inserting the expression of the vector pointing to 
any element into the equation of each entity, can be 
obtained 
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Integrating over all elements, can be deduced the 
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force equation of the whole aircraft as follows: 
EE E2
E NEBE RE
body nacelle rotor
1
dd d
( )
d d d ii
m m m
t t t=
= + +∑ VV VF (3) 
Also based on the vector derivative principle, the 
force equation can be derived in the body frame as 
follows: 
B
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3.3. Moment equation 
Applying the angular momentum theorem to an 
element δm of the aircraft in the frame FE, can be ac-
quired  
E E
1
d
δ (δ )
dt
=M H             (5) 
where δM1 is the moment of the element about the 
base point of frame FE. Then by integrating over all 
elements, can be achieved 
( )E E E2bodyE nacelle rotor1
1
d d d
d d d iit t t=
= + +∑H H HM    (6) 
As M1 in Eq.(5) is the moment of the aircraft about 
the base point of frame FE, the M1 in Eq.(5) can be 
divided into two parts: the moment of the aircraft and 
the moment of the force about the base point of frame 
FB. Inserting the force FB into Eq.(5) can obtain 
E E
1
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BE body nacelle rotor
1
dd d( )
d d d ii
m m m
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(7) 
Using I as the inertia operator[12], the angular mo-
mentum components in Eq.(5) can be derived as fol-
lows: 
2 2
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By inserting Eqs.(6)-(7) into Eq.(5) , the moment 
equation of the whole aircraft in the frame FE can be 
acquired as 
E E E
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Also from the vector derivative principle, the mo-
ment equation can be derived in the body frame as 
follows:  
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3.4. Kinematic equations and geometric equations 
To make the equation group become closed and 
solvable, should be complemented the kinematic equa-
tions and geometric equations, which define the coor-
dinate conversion of aircraft position EBE ( , , )x y zR , at-
titude EBE ( , , )ψ θ φΘ ,velocity BBE ( , , )u v wV and angular 
velocity BBE ( , , )p q rω . The derivation of the equations  
for the tilt rotor aircraft is the same as for the general 
aircraft[11].  
The translation kinematic equation of the whole air-
craft is 
E E B
BE BE EB BE= =R V L V          (11) 
The rotation kinematic equation of the whole air-
craft is 
E E B
BE BE EB BE′= =Θ ω L ω          (12) 
where EB′L can be expressed as follows[11]: 
EB
0 sin sec cos sec
0 cos sin
1 sin tan cos tan
φ θ φ θ
φ φ
φ θ φ θ
⎡ ⎤⎢ ⎥′ = −⎢ ⎥⎢ ⎥⎣ ⎦
L  
The geometric equation of the nacelles is 
B B B
NB NB NB= ×R ω R           (13) 
The geometric equation of the rotors is 
B B B
RB RB RB= ×R ω R           (14) 
4. Model Analysis and Simulation Algorithm 
4.1. Closure of model 
The force and the moment in the above-cited equa-
tions can be expressed in the vector form as follows: 
B B E E
1 BE BE BE BE R T
B B E E
2 BE BE BE BE R T
( , , , , , )
( , , , , , )
f
f
⎧ =⎪⎨ =⎪⎩
F V ω R Θ δ δ
M V ω R Θ δ δ
 
where δ R represents the manipulative variables in the 
possession of general aircraft, which include the rud-
der, the elevator, the aileron and the accelerator; δ T  
the special manipulative variables of tilt rotor aircraft, 
which include the blade angle, rotating speed of ro-
tors NNBω and of nacelles
R
RBω . 
As shown in Fig.2, the multi-body motion model of  
 
Fig.2  An equation group of a model. 
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the tilt rotor aircraft is composed of six vector- formed 
equations involving eight vector-formed unknowns: 
B
BEV ,
B
BEω ,
E
BER ,
E
BEΘ ,
B
NBR ,
B
RBR , δ R, δ T, where δ R and 
δ T are automatic instruction or real-time instruction by 
pilots in the loop. Therefore, there are left only six 
unknowns, which means the model is solvable. 
4.2. Form of a model 
From the equation group, it can be seen that the 
mathematical model of the tilt rotor aircraft is different 
from that of the general aircraft.  
For a general aircraft, the flight dynamics model can 
be described with one-order explicit differential equa-
tions as 
[ ( ) ( )]G t t=x x u           (15) 
where x(t) = [x1(t)  x2(t)  …  xn(t)]T is the state vector 
and u(t) = [u1(t)  u2(t)  …  um(t)]T the control vector. 
If the initial state x0 = [x1(0)  x2(0)  …  xn(0)] and u(t) 
are given, the time-dependent state vector x(t) can be 
achieved. 
However, for the tilt rotor aircraft, it is hard to 
transform a flight dynamics model into explicit differ-
ential equations. This is because of the necessity of 
considering the inertia coupling effects of the mul-
ti-body system, the effects of the nacelles and the 
rotors caused by the rotation of fuselage when solving 
the centroid movement of fuselage, and the same ef-
fects  caused by the centroid movement when solving 
the rotation of fuselage. The mathematical formula is 
characterized by the coexistence of acceleration and 
the angular acceleration in the force equation (Eq.4) 
and the moment equation (Eq.10). Therefore, the flight 
dynamics model of the tilt rotor aircraft can be de-
scribed by an implicit differential equation below:   
[ ( ) ( ) ( )]G t t t = 0x x u         (16) 
4.3. Simulation realization 
As the implicit differential equation of the tilt rotor 
aircraft cannot be simulated with a general method, the 
method proposed by Ref.[13] is used. 
To solve the equations, the initial conditions should 
contain not only the initial state vector value x0, but 
also the initial differential coefficient value of the state 
vector 0.x Moreover, the initial conditions must be 
consistent, which means there are only n unknowns 
in 1 2 1 2[ (0) (0) (0)] and [ (0) (0) (0)]n nx x x x x x… …    
that are independent. And the other unknowns can be 
found by the equations themselves. Therefore, an ini-
tial differential coefficient value module is needed to 
be set up[13]. The equations can be solved with the 
Runge-Kutta- Felhberg integral method[13]. The struc-
ture of the simulation is composed of six big modules 
as shown in Fig.3. 
 
Fig.3  Structure of simulation.
5. Typical Simulation Results 
In order to verify the model, two typical simulations 
are conducted. The first one is to prove its correctness 
by simulating the multi-body model in the airplane 
mode, which is equal to the single rigid model, and 
comparing it to those of the previous existing single 
rigid model. The second one is to present the advan- 
tages of the multi-body model by simulating the mul-
ti-body model in the transition mode. The original data 
are borrowed from NASA reports on American BELL 
301 tilt rotor aircraft (the prototype of XV-15)[2]. 
5.1. Airplane mode 
To simulate the tilt rotor aircraft in the airplane 
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mode, where the nacelle angle is fixed at 0°, the initial 
conditions are as follows: cruising at 100 m/s speed 
and 3 km altitude with 3.3° angle of attack and 
2 415 N thrust. The rate of pitch responses to elevator 
(1°) are given in Figs.4-5. 
 
Fig.4  Short-period rate of pitch response. 
 
Fig. 5  Long-period rate of pitch response. 
The simulation results obviously show the rate of 
pitch response that has features of both typical 
long-period mode and short-period mode. Like the 
airplane, they are in good agreement with the previous 
simulation[5] and experiment results[8]. 
5.2. Transition mode 
In hitherto performed researches at home and 
abroad, the dynamic characteristics of the tilt rotor 
aircraft during transition are approximately depicted as 
static characteristics under a series of fixed nacelle 
angles with a single rigid body model. For example, in 
Ref.[14], to obtain the longitudinal stick position Xlon 
of XV-15 at different airspeeds Va in the transition 
mode, it is necessary to calculate the data under a se-
ries of fixed nacelle angles θc and flap angles dF and 
then acquire the approximate characteristics of the 
whole transition process (see Fig.6). In Ref.[15], to 
simulate the transition of XV-15 hovering at 400 m 
altitude and 6 (°)/s tilting speed, it is required to calcu-
late the state at each prefixed nacelle angle and obtain 
the time-dependent altitude (H) curve as shown in 
Fig.7, in which, the time interval of 12-26 s is the tran-
sition duration. 
 
Fig.6  Characteristic curves at different nacelle angles. 
 
Fig.7  Approximate simulated transition process. 
In this article, the proposed multi-body model 
makes it possible to carry out direct and continuous 
simulation. Figs.8-13 present the simulation results of 
the XV-15 in the transition with the nacelle angle θc 
varying from 90° to 0°. Assuming hovering at 400 m 
altitude as the initial state, the rotors begin tilting at   
6 (°)/s speed as shown in Fig.8. 
 
Fig.8  Nacelle angle curve. 
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Fig.9  Angle of attack response curve(fuselage). 
 
Fig.10  Angular velocity response curves(fuselage). 
 
Fig.11  Fuselage orientation response curves. 
 
Fig.12  Velocity response curves(fuselage). 
 
Fig.13  Fuselage position response curves. 
From Fig.11, it can be seen that the pitch angle 
drops about 10° at the beginning of the transition, 
which corresponds to the “Nose Descent” of XV-15. 
The reason for “Nose Descent” is the pull line that 
does not pass through the body CG in transition [16-17] 
as shown in Fig.14. 
 
Fig.14  Mechanism of nose descent. 
From Figs.12-13, it can be observed that the aircraft 
descends at the beginning of the transition, which 
corresponds to the “Trajectory Descent” of XV-15. 
The reason for the “trajectory descent” is the vertical 
component of the pull that reduces immediately when 
the rotors begin tilting while the aircraft speed is too 
low to generate enough wing lift. As the rotors tilt 
forward, the aircraft speed increases gradually causing 
the wing lift to increase and the aircraft begins 
climbing. Compared with the results obtained from the 
multi-body model, those from the single rigid body 
model cannot reflect the actual phenomena of “Nose 
Descent” and “Trajectory Descent”. This evidences the 
multi-body model that can correctly reflect the motion 
characteristic of a tilt rotor aircraft.  
6. Conclusions 
 This article, by reckoning the aircraft body, the 
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nacelles and the rotors of a tilt rotor aircraft to be in-
dependent entities, has deduced the multi-body motion 
equations based on multi-body dynamics. Each part of 
the equations has a univocal physical significance. By 
associating with the complicated aerodynamic charac-
teristics of the tilt rotor aircraft, is established a realis-
tic model, which, with high fidelity, reflects the aero-
dynamic interference and inertia coupling of each en-
tity and enables to provide a precise description of the 
transfiguration in the transition stage. 
Taking into account the aerodynamic interference 
and inertia coupling of each entity, the multi-body mo-
tion model can be presented in the form of implicit 
nonlinear differential equations. Based on this feature, 
a numerical simulation algorithm is developed and the 
model is solved by MatLab. To exemplify the transi-
tion mode, the simulation makes use of the data of 
XV-15 tilt rotor aircraft. The results evince that the 
pitch angle drops about 10° at the beginning of the 
transition, which corresponds to the “Nose Descent” of 
XV-15. The results also evidence that the multi-body 
model reflects the basic characteristics of the tilt rotor 
aircraft. It can be used to describe the different modes 
of tilt rotor aircraft, such as hovering, transition and 
forward flying. Furthermore, it can be used to analyze 
the complex flight dynamic characteristic. 
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